Background: Deficiency or nonsense mutation of CRBN causes memory deficits. Results: Truncated CRBN has insufficient affinity for AMPK␣ and cannot modulate the AMPK-mTOR pathway. Conclusion: CRBN modulates protein synthesis through the AMPK-mTOR pathway, and may be critical for certain forms of memory encoding. Significance: Our findings suggest the first plausible mechanism for the phenotype resulting from the CRBN mutation.
Initially identified as a protein implicated in human mental deficit, cereblon (CRBN) was recently recognized as a negative regulator of adenosine monophosphate-activated protein kinase (AMPK) in vivo and in vitro.
Here, we present results showing that CRBN can effectively regulate new protein synthesis through the mammalian target of rapamycin (mTOR) signaling pathway, a downstream target of AMPK. Whereas deficiency of Crbn repressed protein translation via activation of the AMPK-mTOR cascade in Crbn-knock-out mice, ectopic expression of the wild-type CRBN increased protein synthesis by inhibiting endogenous AMPK. Unlike the wild-type CRBN, a mutant CRBN found in human patients, which lacks the last 24 amino acids, failed to rescue mTOR-dependent repression of protein synthesis in Crbn-deficient mouse fibroblasts. These results provide the first evidence that Crbn can activate the protein synthesis machinery through the mTOR signaling pathway by inhibiting AMPK. In light of the fact that protein synthesis regulated by mTOR is essential for various forms of synaptic plasticity that underlie the cognitive functions of the brain, the results of this study suggest a plausible mechanism for CRBN involvement in higher brain function in humans, and they may help explain how a specific mutation in CRBN can affect the cognitive ability of patients.
Cereblon (CRBN), 3 a gene on human chromosome 3p26.2, was initially reported as a candidate gene for a mild form of autosomal recessive non-syndromic mental retardation (ARNSMR) (1) . Subsequently, the CRBN protein has been characterized in several different cellular contexts. CRBN interacts with the cytoplasmic region of large-conductance calciumactivated potassium (BK Ca ) channels to regulate surface expression of the channel protein (2) . In addition, CRBN is the primary target of thalidomide-induced teratogenicity, and is thought to function as a substrate receptor of an E3 ubiquitin ligase complex (3) . A recent study showed that CRBN interacts with the ␣ subunit of adenosine monophosphate-activated protein kinase (AMPK) and inhibits the activation of AMPK in vitro as well as in vivo (4, 5) .
AMPK, a master sensor of cellular energy balance, increases ATP-producing catabolic pathways and inhibits ATP-consuming anabolic pathways. AMPK, a serine/threonine protein kinase, is a heterotrimer consisting of a catalytic ␣ subunit and two regulatory subunits, ␤ and ␥. AMPK activity can be modulated by phosphorylation on a threonine residue (Thr-172) by upstream kinases such as liver kinase B1 (LKB1). AMPK activation inhibits energy-consuming anabolic processes such as protein translation (6 -10) and accomplishes these effects largely through inhibition of the mammalian target of rapamycin (mTOR) signaling (11) .
The conserved serine-threonine protein kinase mTOR regulates cell growth, proliferation, and synaptic plasticity by controlling protein synthesis. Activation of mTOR acts on one of the primary triggers for the initiation of cap-dependent translation through the phosphorylation and activation of S6 kinase (S6K1), and through the phosphorylation and inactivation of a repressor of mRNA translation, eukaryotic initiation factor 4E-binding protein (4E-BP1) (12) (13) (14) (15) . Two biochemically distinct mTOR complexes, mTORC1 and mTORC2, are found in mammalian cells, and the activity of mTORC1 is regulated by AMPK. AMPK can suppress the activity of mTORC1 by directly phosphorylating at least two regulator proteins, tuberous sclerosis 2 (TSC2) and raptor.
Despite the significance of CBRN in brain function, suggested by clinical and experimental evidence (1, 16) , the molecular etiology of the cognitive phenotypes resulting from CRBN mutation has not been elucidated. In this study, we investigated the functional roles of CRBN as an upstream regulator of the mTOR signaling pathway. Our results show that CRBN can up-regulate cap-dependent translation by inhibiting AMPK. Unlike the wild-type (WT) CRBN, a mutant CRBN lacking the C-terminal 24 amino acids (R419X) was unable to regulate the mTOR pathway, due to its inability to suppress AMPK activity. Because new protein synthesis is essential for different forms of synaptic plasticity in the brain (15, (17) (18) (19) (20) (21) , defects in CRBNdependent regulation of mTOR signaling may represent the molecular mechanism underlying learning and memory defects associated with the CRBN mutation.
EXPERIMENTAL PROCEDURES
Experimental Animals-Male mice were used in this study. Animals were maintained under specific pathogen-free conditions. All experiments were approved by the Gwangju Institute of Science and Technology Animal Care and Use Committee.
Antibodies-The following antibodies were used in this study: monoclonal anti-AMPK ␣ (Invitrogen), rabbit polyclonal anti-phospho-AMPK ␣ (Cell Signaling), rabbit polyclonal anti-AMPK ␤ (Cell Signaling), rabbit polyclonal anti-AMPK ␥1 (C terminus) (Epitomics), rabbit monoclonal anti-raptor (Cell Signaling), rabbit polyclonal anti-phosphoraptor (Ser-792) (Cell Signaling), rabbit polyclonal anti-mTOR (Cell Signaling), rabbit polyclonal anti-phospho-mTOR (Cell Signaling), rabbit polyclonal anti-S6K (Cell Signaling), mouse monoclonal anti-phospho-S6K (Cell Signaling), mouse monoclonal anti-S6 (Cell Signaling), rabbit polyclonal anti-phospho-S6 (Cell Signaling), rabbit polyclonal anti-4EBP1 (Cell Signaling), rabbit polyclonal anti-phospho-4EBP1 (Cell Signaling), mouse monoclonal anti-HA (Cell Signaling), mouse monoclonal anti-BK Ca (BD Transduction Laboratories TM ), and rabbit polyclonal anti-GAPDH (Abfrontier, Seoul, Korea). Rabbit polyclonal anti-CRBN antibody was described previously (4) .
Plasmid Construction and Transfection-Plasmids encoding the HA-tagged human CRBN (HA-CRBN) and mouse Crbn (HA-CRBN) were described previously (4) . HA-CRBN R419X (human) and HA-Crbn R422X (mouse) were constructed as described in the previous report (22) . Cells were transfected using Lipofectamine TM LTX (Invitrogen), and then cells were seeded 24 h before lysate preparation. A small amount of a plasmid expressing EGFP was co-transfected to validate equivalent expression of exogenous proteins in cells.
RT-PCR Experiments-Total RNA was isolated from brain tissues of the indicated mice using the TRIzol reagent (Invitrogen). The sequences of the primers used in the PCR experiments were described previously (5) .
Cell Culture-SH-SY5Y cells and mouse embryonic fibroblasts (MEFs) were cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO) with 10% (v/v) fetal bovine serum (FBS, Hyclone). Crbn ϩ/ϩ, Crbn ϩ/Ϫ, and Crbn Ϫ/Ϫ MEFs were isolated from E14.5 embryos born to heterozygous intercrosses and assayed at passages 3-6, as previously described (23) .
Tissue Lysate Preparation-Hippocampal tissues were obtained from 9-week-old male mice. Hippocampal tissues were homogenized in ice-chilled buffer (20 mM Tris-HCl, pH 7.4, 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 g/ml aprotinin, 15 g/ml leupeptin, 50 mM NaF, and 1 mM sodium orthovanadate), as previously described (24) .
Co-immunoprecipitation-Cells were solubilized in lysis buffer (RIPA buffer: 20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1% Nonidet P-40, 1% sodium deoxycholate, 2 mM Na 3 VO 4 , 100 mM NaF, 1 mM PMSF, protease inhibitor mixture). The supernatant was incubated with various primary antibodies, e.g. anti-AMPK ␣ or anti-HA antibodies, overnight at 4°C. Antibody-protein complexes were precipitated with equilibrated protein G beads (Amersham Biosciences) at 4°C for 3 h, followed by incubation with lysis buffer at 37°C for 15 min.
Analysis of Protein Synthesis-Analysis of protein synthesis was examined as previously described (25) . Briefly, cells were labeled with [ 35 S]methionine (10 mCi/ml) for 30 min in methionine-free minimal essential medium. After being washed with PBS, cell extracts were prepared by lysing the cells with Nonidet P-40 lysis buffer (2% Nonidet P-40, 80 mM NaCl, 100 mM Tris-HCl, 0.1% SDS).
Translation Assay-Translation was measured by luciferase reporter activity using the pRMF reporter, kindly provided to us by Dr. Sung Key Jang (Pohang University of Science and Technology, Korea). Equal amounts of extract were used to assay cap-dependent translation of Renilla luciferase (R-Luc) or IRES-dependent translation of firefly luciferase (F-Luc), using a dual-luciferase reporter assay system. Cap-dependent translation was calculated by normalizing the R-Luc activity to the F-Luc activity, as described previously (26, 27) .
Statistical Analysis-All displayed values represent means Ϯ S.E. Significant differences between groups were determined using two-tailed unpaired Student's t-tests, and multiple comparisons were performed using one-way ANOVA or two-way repeated-measures ANOVA. Differences with p Ͻ 0.05 were considered statistically significant, and are indicated in the figure legends.
RESULTS

Crbn Deficiency Reduces the Activity of mTOR in the Brain-
The importance of neuronal protein synthesis in memory formation has been well established in numerous experimental systems (17, 18, 28 -30) . De novo protein synthesis underlying long-term synaptic plasticity is primarily regulated by the mTOR signaling pathway (15, (17) (18) (19) (20) (21) . Active mTOR phosphorylates and activates the downstream effector S6K1, which then phosphorylates its downstream target, ribosomal protein S6; by contrast, mTOR phosphorylation of 4EBP1 results in inhibition of that protein (12) (13) (14) (15) . Phosphorylation of these two translational regulators by mTOR increases the overall translation capacity of the cell (15, 18, 31) .
Because CRBN negatively regulates AMPK (4, 5) and AMPK activation can suppress the activity of mTOR (6 -10), we wondered whether deficiency of Crbn would affect mTOR signaling in the mouse brain. In a recent report, we described the generation of Crbn-knock-out (Crbn-KO) mice, in which the Crbn gene is deleted throughout the body (5) . To validate the deficiency of Crbn in the brain, we measured levels of the Crbn mRNA by reverse transcription-polymerase chain reaction (RT-PCR) using total RNA extracted from the brains of WT (Crbn ϩ/ϩ), heterozygote KO (Crbn ϩ/Ϫ), and homozygote KO (Crbn Ϫ/Ϫ) mice ( Fig. 1A ). Deficiency of Crbn protein in the brains of Crbn-KO mice was also confirmed by Western blot analysis ( Fig. 1B ). CRBN-specific polyclonal antibody detected a protein band with the expected molecular mass (53 kDa) in the brains of WT mice, whereas no immunoreactivity was detected in brain lysates from Crbn homozygous KO (Fig.  1, B and C). Expression of Crbn was reduced by 44% in the brains of heterozygous KO mice.
We then measured the phosphorylation level of AMPK in the hippocampi of WT and KO mice. As expected, the levels of AMPK ␣ subunit phosphorylated at Thr-172 (P-AMPK␣) in the hippocampi of Crbn ϩ/Ϫ and Crbn Ϫ/Ϫ mice were significantly increased relative to the level in Crbn ϩ/ϩ mice (Fig. 2,  A and B) . Next, we investigated whether AMPK activation induced by deletion of Crbn can affect mTOR signaling. To this end, we monitored the amount of phosphorylated raptor, mTOR, S6K, S6, and 4EBP1. Higher levels of P-AMPK were accompanied with higher levels of P-raptor but with lower levels of P-mTOR, P-S6K, P-S6, and P-4EBP1 in Crbn ϩ/Ϫ and Crbn Ϫ/Ϫ hippocampi, respectively (Fig. 2 , A and C-G). Similar results were also obtained in primary cultures of mouse embryonic fibroblasts (MEFs) (Fig. 3) . These findings imply that AMPK activation by Crbn deficiency can reduce cellular translation by inhibiting endogenous mTOR signaling.
Crbn Deficiency Negatively Regulates Both Protein Synthesis and Cap-dependent Translation-Because Crbn deficiency significantly inhibited mTOR signaling, we next investigated whether Crbn deletion would influence new protein synthesis. Not surprisingly, overall protein synthesis was significantly reduced in Crbn ϩ/Ϫ and Crbn Ϫ/Ϫ MEFs relative to the level in Crbn ϩ/ϩ MEFs (Fig. 4, A and B) . mTORC1 regulates capdependent translation through phosphorylation of 4EBP1, which releases 4EBP1 from eIF-4E and promotes translation initiation (32), so we further examined the effects of Crbn deficiency on cap-dependent translation using a relative luciferase assay (26, 27) . As shown in Fig. 4C , cap-dependent translation was significantly suppressed in Crbn ϩ/Ϫ and Crbn Ϫ/Ϫ MEFs. These results indicate that Crbn deficiency can inhibit not only the activation of mTOR but also cap-dependent trans-lation, a downstream process regulated by the AMPK-mTOR signaling cascade.
Exogenous Expression of WT CRBN, but Not the R419X Mutant, Down-regulates AMPK-mTOR Signaling Pathway-Because the mTOR signaling pathway was suppressed by Crbn deficiency and Crbn deficiency resulted in the constitutive activation of AMPK, we wondered whether ectopic expression of CRBN would affect the signal pathway in the opposite manner. Moreover, we also wondered how the human mutation linked to mild mental deficit influences AMPK-mTOR signaling. In ARNSMR patients, the C-terminal 24 amino acids are missing from the full-length protein of 442 amino acids, because of a nonsense mutation in CRBN (R419X) (1) . CRBN is highly conserved among higher mammals, with an overall amino acid sequence identity of 95% between human and mouse. In the C-terminal region, which is absent in patients because of a nonsense mutation, 23 out of the 24 amino acid residues are identical between human CRBN and mouse Crbn; the sole non-identical residue is a conservative substitution (Glu to Asp).
To explore the effects of ectopic expression, we transiently transfected WT or CRBN R419X into SH-SY5Y human neuroblastoma cells (Fig. 5A ). Western blot analyses revealed that intensity of the P-AMPK␣ band was significantly reduced upon ectopic expression of WT CRBN, as we previously reported (4). However, the level of P-AMPK ␣ did not change relative to that in mock-transfected cells upon ectopic expression of the R419X mutant (Fig. 5B) . In WT CRBN-expressing cells, the decrease in P-AMPK␣ was accompanied by lower levels of P-raptor, but higher levels of P-mTOR, P-S6K, P-S6, and P-4EBP1. However, expression of the R419X mutant did not significantly alter the phosphorylation level of these proteins relative to the level in mock-transfected cells (Fig. 5, C-G) .
Next, we examined the effects of WT Crbn and R422X (a mouse mutant corresponding to human CRBN R419X) on the mTOR signaling pathway in WT MEFs and AMPK doubleknock-out (DKO) MEFs, which lack the ␣1 and ␣2 subunits of AMPK. Consistent with a previous report (33) , the levels of P-S6K in mock-transfected AMPK DKO MEFs were suppressed upon nutrient deprivation, although the effect was less than that that seen in mock-transfected WT MEFs (Fig. 6C , compare WT and AMPK DKO under nutrient plus versus nutrient minus conditions, respectively (open bars)). As we previously reported (4), the ectopic expression of WT Crbn in WT MEFs reduced the level of P-AMPK ␣ and increased the level of P-S6K in a nutrient-independent manner; however, there was no significant difference in the levels of P-AMPK and P-S6K upon expression of the R422X mutant compared with the levels in mock-transfected WT MEFs (Fig. 6A) . Notably, the expression of WT Crbn or the R422X mutant had no significant effect on the levels of P-S6K in AMPK DKO MEFs relative to those in mocktransfected AMPK DKO MEFs, either in the presence or absence of nutrients (Fig. 6, B and C) . These results indicate that Crbn does not affect mTOR signaling in the absence of functional AMPK.
CRBN negatively regulates AMPK activation by interacting with the ␣ subunit, which reduces the affinity of the ␥ subunit for the AMPK complex (4) . Therefore, we asked whether CRBN R419X can interact with the AMPK ␣ subunit, and, if so, whether expression of the mutant CRBN can influence the for-mation of the heterotrimeric complex of AMPK subunits (␣, ␤, and ␥). We tested the effects of CRBN R419X expression on the AMPK complex by immunoprecipitating the endogenous AMPK complex from SH-SY5Y cells (Fig. 7A ). Although both exogenous WT and CRBN R419X were detected in the AMPK complex, CRBN R419X appeared to interact with the complex with much lower affinity than WT CRBN (Fig. 7D) . The intensity of the ␥-subunit band in the immunoprecipitate was significantly reduced by exogenous CRBN WT, as previously reported (4). However, no such decrease in the ␥-subunit band was observed upon exogenous expression of CRBN R419X (Fig. 7C) . In both cases, the intensity of the ␤-subunit band did not change significantly (Fig. 7B) . These observations strongly suggest that CRBN R419X cannot regulate AMPK-mTOR signaling due to its insufficient affinity for the ␣ subunit of AMPK and inability to displace the ␥ subunit from the AMPK complex. AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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Expression of Crbn WT, but Not Crbn R422X, Rescues the Translational De-repression Induced by Crbn Deficiency-To
further validate the functional role of Crbn in translational regulation via AMPK-mTOR signaling, we attempted to rescue the phenotype of the Crbn deficiency by exogenously expressing either Crbn WT or Crbn R422X (Fig. 8A) . Constitutive activation of AMPK in Crbn Ϫ/Ϫ MEF cells was effectively suppressed by exogenous expression of WT Crbn (Fig. 8B) . The expression of Crbn WT was also accompanied by higher levels of P-S6, as determined by Western-blot analysis (Fig. 8C) , and higher levels of cap-dependent translation, as determined by the relative luciferase assay (Fig. 8D) . The exogenous expression of R422X Crbn, however, did not suppress AMPK phosphorylation (Fig. 8B) . Accordingly, S6 phosphorylation and translational de-repression were not observed upon expression of the mutant protein. These results further demonstrate that constitutive activation of AMPK is a direct and reversible cellular response induced solely by the loss of Crbn, and that the lack of the endogenous Crbn gene can be rescued by exogenous expression of Crbn WT, but not by Crbn truncated as a result of a nonsense mutation.
DISCUSSION
It is widely accepted that memory formation requires not only mRNA transcription but also production of new proteins (17, 18, 29, 30) . As the central regulator of translational initiation, the mTOR cascade is required for synaptic plasticity and memory processes that are dependent on the protein synthesis machinery (15, (17) (18) (19) (20) (21) . The activity of mTOR, in turn, can be modulated by several upstream kinases, including AMPK. As the cellular energy sensor and a negative regulator of anabolic processes, activated AMPK phosphorylates mTORC1 and suppresses the synthesis of new cellular proteins (34, 35) .
Here we show, for the first time, that the expression level of CRBN, a negative regulator of AMPK, can effectively modulate the mTOR pathway and cellular protein synthesis. We observed that deficiency of endogenous Crbn resulted in constitutive activation of AMPK, thereby suppressing overall protein synthesis (controlled by the mTOR pathway) in the mouse hippocampus ( Figs. 2 and 4) . Accordingly, ectopic expression of CRBN WT suppressed AMPK activity and activated the mTOR pathway in human neuroblastoma (Fig. 5) . Moreover, the AMPK-dependent suppression of protein translation in Crbn Ϫ/Ϫ MEF cells was rescued by exogenous expression of Crbn WT, resulting in inhibition of endogenous AMPK activity (Fig. 8) . These findings not only strengthen the idea that CRBN is an endogenous negative regulator of AMPK (4, 5), but also provide a testable hypothesis regarding the mechanism by which the nonsense mutation in CRBN causes mental deficit in humans ( Fig. 9 ).
Since its initial identification as a candidate protein involved in human mental deficit (1), the significance of CRBN in brain function was further demonstrated using a mouse model in which forebrain-specific deletion of Crbn resulted in significant learning and memory defects (16) . Furthermore, in whole-body Crbn-deficient mice, we also observed severe deficits in behaviors involving hippocampal function, but no noticeable abnormalities in motor function. 4 Despite its potential involvement in higher brain function, however, the cellular roles of CRBN in the central nervous system are still controversial, and the functional consequences of the C-terminal deletion found in mutant CRBN have never been characterized.
We therefore examined the functional effects of the mutant CRBN, CRBN R419X, on the mTOR-dependent modulation of protein synthesis, and attempted to obtain experimental evidence for the cellular mechanism underlying the phenotypes of this mutant. Unlike CRBN WT, the R419X mutant failed to inhibit endogenous AMPK, because it could not release sufficiently the ␥ subunit from the AMPK complex ( Figs. 5, 6, and 7) . It is noteworthy that the truncated CRBN could still interact with AMPK ␣, albeit with much lower affinity; consequently, the ␥ subunit was retained in the AMPK complex (Fig. 7, A and  D) . Furthermore, Crbn R422X was unable to rescue suppression of mTOR-dependent translation by AMPK in Crbn Ϫ/Ϫ MEF cells (Fig. 8 ). CRBN R419X was completely ineffective as a regulator of the AMPK-mTOR cascade, despite its appreciable expression level (Fig. 5) . Notably, in this regard, the expression level of HA-tagged CRBN R419X was comparable to that of the WT protein ( Fig. 5A, lowest panel) , strongly suggesting that the abnormalities observed in affected individuals may not be a consequence of CRBN insufficiency, per se, but may rather be the result of the loss of functional activity of the missing C terminus. Therefore, misregulation of the AMPK-mTOR pathway and improper translation of new proteins may be involved in the cellular mechanism underlying the mental defects observed in patients with the CRBN mutation. Our findings are also supported by a previous report showing that activation of AMPK by hippocampal injections of AICAR, a well-known activator of AMPK, reduced memory encoding by reducing the phosphorylation of mTOR cascade components (36) .
Although we focused here on the functional roles of CRBN in the AMPK-mTOR pathway, other binding partners of CRBN have been identified. One CRBN-binding protein that has drawn attention is an ion channel known as the large-conductance calcium-activated potassium (BK Ca ) channel (2) , which is widely expressed in central neurons where it modulates their excitability through both pre-and postsynaptic mechanisms (37) . By interacting with the C-terminal cytosolic domain, CRBN regulates the assembly and the surface expression of the BK Ca channel. Therefore, using co-immunoprecipitation analysis, we examined the binding of WT and mutant CRBN to the channel in COS-7 cells. However, we did not observe any appreciable difference between the affinities of WT and mutant CRBN for the BK Ca channel (Fig. 10 ). However, this result does not entirely rule out the possibility that the BK Ca channel is involved in the roles played by CRBN in brain function, because it remains to be seen whether mutant CRBN acts similarly to CRBN WT with respect to regulation of the BK Ca channel in vivo.
Although our results strongly suggest that CRBN is of functional importance as an endogenous regulator of mTOR pathway in the brain, several questions remain to be answered. First, we need to elucidate, at the molecular level, why the R419X mutant has much lower binding affinity for the AMPK ␣ subunit. We previously reported that CRBN interacts with the AMPK␣ via its N-terminal Lon domain (4), located at the other end of the protein. One possibility, of course, is that the loss of the C-terminal 24 amino acids induces some structural changes in the protein, lowering the affinity for the AMPK ␣ subunit. We expect that comparative biochemical and structural studies of the mutant and WT CRBN proteins will provide a straightforward answer to this question. Second, to what extent are cellular proteins affected by CRBN-dependent translational regulation? It will be of great interest to determine whether CRBN regulates overall protein synthesis via the AMPK-mTOR pathway by adjusting its activity to cellular energy status, or instead targets a specific set of proteins. Because CRBN is a relatively newly discovered gene, its expression has not been extensively investigated at either the transcriptional or translational level. Thus, it will be critical to understand the expressional regulation of CRBN in a cellular context. Most importantly, the physiological function of truncated mutant CRBN needs to be elucidated in vivo. Although we demonstrated that the exogenous expression of Crbn R422X could not reverse the suppression of the mTOR cascade in a completely Crbn-null background, this result should be confirmed in vivo by introducing the mutant gene into a Crbn-deficient mouse.
Nonetheless, this study provides the first in vivo evidence that Crbn can regulate the protein synthesis machinery through the AMPK-mTOR pathway, and that the proper expression of functional Crbn may be critical for the encoding of learning and memory in mice. This study also proposes a testable working hypothesis regarding the mechanism by which CRBN is involved in higher brain functions in humans, as well as how a AUGUST 22, 2014 • VOLUME 289 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 23351 specific mutation in CRBN can affect the cognitive ability of patients.
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